AF Susceptibility in TGF-β1 Transgenic Goats. Introduction: Large animal models of progressive atrial fibrosis would provide an attractive platform to study relationship between structural and electrical remodeling in atrial fibrillation (AF). Here we established a new transgenic goat model of AF with cardiac specific overexpression of TGF-β1 and investigated the changes in the cardiac structure and function leading to AF.
Introduction
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, with significant morbidity and mortality. 1 Ablation is routinely used to treat AF but long-term success especially for persistent AF is poor ranging from 40% to 60%, frequently after multiple ablations. 2, 3 Studies on patients, large animal models and transgenic mouse models have shown a strong association of atrial fibrosis with AF. 4, 5 In fact, these studies have shown that atrial fibrosis increases AF vulnerability. 6, 7 Nevertheless, the mechanisms of AF and its relationship with fibrosis are not well understood, in part because of suboptimal animal models. Transforming growth factor β1 (TGF-β1) is an essential mediator of atrial fibrosis in animal models 8, 9 and human patients. [10] [11] [12] Mice that overexpress active TGF-β1 have profound atrial fibrosis and increased susceptibility to AF induction via rapid atrial pacing (RAP). 8 Transgenic mouse models have provided vital information about the events that lead to AF, 8, [13] [14] [15] but the small heart size makes them unsuitable for intracardiac mapping or testing new ablation therapies.
Large animal models of AF more closely resemble AF in humans and allow for sustained induction of AF 13 as compared to rodent models. 8 Rapid atrial pacing models (goat 16, 17 and dog 6 models) typically do not exhibit increased perimysial fibrosis, a hallmark of normal aging. 18 Atrial fibrosis observed in several large animal models of other experimentally induced pathologies (e.g., heart failure model 9 or hypertension 19 ). As AF is often not accompanied by other diseases (e.g., prevalence of AF in heart failure studies ranges from 13% to 27%), 20 the development of an animal model with genetically induced progressive atrial fibrosis that would lead to increase AF susceptibility, is paramount to advancing our understanding of the relationship between progressive fibrosis and electrical remodeling in AF.
The focus of this study was to establish a transgenic goat (TG) model with cardiac overexpression of constitutively active TGF-β1 (αMHC-TGFcys 33 ser) and characterize the progressive changes in cardiac structure and function in response to the transgene overexpression.
Methods

Generation of αMHC-TGFcys 33 ser Transgenic Goats
Animals
Domestic goats (Capra aegagrus hircus) were used in this study. All animal studies were approved and monitored by the Institutional Animal Care and Use Committee (IACUC) at Utah State University (IACUC protocol # 2513) and conformed to the National Institute of Health guidelines (Guide for the Care and Use of Laboratory Animals, 8 th edition). αMHC-TGFcys 33 ser transgenic goats were generated by somatic cell nuclear transfer (SCNT) using genetically modified goat fetal fibroblasts (GFFs).
Donor cells
GFFs were isolated from a 27-to 30-day-old fetus as previously described. 21 Unless indicated otherwise, cell culture media and reagents were obtained from ThermoFisher Scientific. The MHC-TGF-β1cys 33 ser fragment containing the mouse cardiac αMHC promoter and sequences encoding the human TGF-β1 cDNA was subcloned from the plasmid pUC-BM20-MHC-TGF-β1 15 into the pcDNA3.1D V5 vector as depicted in Figure 1 . The Neon TM transfection system was used to electroporate primary GFFs using 10 μg of DNA in a 100 μL tip under a 1.5 kV setting. After 2 weeks of G418 selection, the resulting G418 resistant colonies were screened by PCR to confirm transgene integration into goat genomic DNA. PCR conditions and the primer sequences are described in the Supporting Information.
SCNT and embryo transfers
Transgene-positive cells, as identified by PCR, were used for SCNT to produce TGs as follows. Transgenic GFFs were grown to 90-100% confluence followed by 24 hours of serum starvation in DMEM supplemented with 0.5% FBS (HyClone) and subsequently used as nuclear donor cells. Cumulus-oocyte complexes (COCs) were recovered from abattoir-derived ovaries using a slicing technique. 22 COCs were cultured in maturation medium as described elsewhere. 23 SCNT procedure, recipient synchronization and embryo transfers were performed as previously published 21, 23 with some modification detailed in the Supporting Information. Female goats, 1-5 years of age, served as recipients for SCNT embryo implantations. The embryos were transferred into the ostium of the infundibulum via a tomcat catheter and deposited at least 3.5 cm into the oviduct. Pregnancies were diagnosed by transabdominal ultrasonography on day 35-40 of gestation.
PCR screening of cloned goats
Blood samples were collected from the resulting cloned goats to confirm the presence of the MHC-TGF-β1cys 33 ser transgene using PCR. DNA was extracted and 3 sets of PCR primers were used to confirm transgene integration into the goat genome. The primer sequences and PCR conditions are described in the Supporting Information.
Phenotype Characterization of TGF-β1 Transgenic Goat Model
hTGF-β1 gene expression analysis
Quantitative RT-PCR was performed to measure the levels of hTGF-β1 transgene in the cardiac biopsy samples of the transgenic founder animals. The biopsies were obtained from the right ventricular (RV) septum as described in the Supporting Information. Additionally, qRT-PCR was used to compare the levels of hTGF-β1 expression between the atria and the ventricles of TGs. Atrial and ventricular samples were collected from both TG and wild-type (Wt) control goats. Total RNA was isolated from snap frozen tissues using the TRIzol R Plus Kit (Invitrogen). RNA concentration and purity was determined with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific), and RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies). The samples were amplified in triplicates. All gene expression levels were quantified and normalized in each sample using 4 housekeeping genes (Beta-actin, YWHAZ, EIF4A, and GAPDH). Because the Wt control samples had no expression of the transgene, hTGF-β1 expression in the founder animals was calculated as a percentage of expression relative to the housekeeping genes. For the comparison of the transgene expression between the atria and the ventricles, relative quantification (fold change [FC]) was calculated using 2 −Ct method. 24 Primers sequences and qRT-PCR conditions are provided in the Supporting Information.
Surface ECG
ECG signals were collected using PowerLab hardware and associated LabChart 7 software (v7.3.7, ADInstruments) connected to restrained animals via surface electrodes (a modified Lead II ECG -back of the neck to right leg). ECGs were collected at 6, 12, 18, 24, and 36 months of age, and 10-50 noise free sinus beats were analyzed for each animal. QRS intervals, heart rate and P-wave durations were calculated and compared between TGs and their age, sex, and weight matched Wt controls. Effect of age on these parameters was also assessed.
Echocardiography
Images were acquired from not sedated goats using a Vivid-q ultrasound system (GE HealthCare). The examination was performed with the goat in right lateral recumbency with the right front leg extended. A complete right-parasternal 2-dimensional, M-mode, and color Doppler examination was performed as previously described. 25 All variables were measured 3 times on 3 different cycles to calculate an average for each variable. The list of recorded measurements is included in Table 1 and the Supporting Information. Systolic function was evaluated using percent fractional shortening calculated from M-mode images of the left ventricle and using percent ejection fraction using the Teicholz method. Diastolic function could not be consistently evaluated due to the high variability and poor repeatability of pulsed wave Doppler imaging reported in goats. 26 Additionally, left parasternal apical views could not be obtained due to gas in the reticulo-rumen 26 and other methods of diastolic function measurements, such as speckle tracking and strain imaging, have not been validated in goats.
AF induction study
AF inductions were conducted by either RAP or premature atrial stimulation using a quadripolar catheter placed in the right atrium (RA). Each method of induction was tested 3 times. RAP at twice the stimulation threshold strength at 50 Hz for 30 seconds was used. For premature atrial stimulation, a single premature stimulus was given after a train of 8 pacing pulses. The coupling interval of the premature beat was reduced starting at 200 milliseconds in 10 milliseconds increments until atrial capture was lost. Atrial intracardiac electrograms were recorded by another quadripolar catheter in the RA. Sustained AF was defined as an episode of rapid irregular atrial rhythm lasting more than 2 minutes after termination of induction. An animal exhibiting sustained AF following an induction was considered AF susceptible. AF episodes lasting longer than 10 minutes were cardioverted with a 100 J external shock.
Confocal imaging
RV biopsies were collected during AF inducibility studies using a bioptome under intracardiac echocardiogram and fluoroscopy guidance (see Supporting Information for details). The biopsies were formalin-fixed and cryo-sectioned into 100 μm thick sections and subsequently labeled with wheat germ agglutinin (WGA) conjugated to CF488 (WGA, Biotium 29022, 40 μg/mL in PBS). Three-dimensional image stacks were acquired with a Zeiss LSM 5 confocal microscope (Carl Zeiss) using a 40x oil immersion lens and an excitation wavelength of 488 nm. Stack sizes were typically 1024×1024×250 voxels with a voxel size of 0.2×0.2× 0.2 μm. Preprocessing of these images involved noise reduction and deconvolution as described previously. 27 A threshold of histogram mode plus 1 standard deviation was applied to the preprocessed image 28 yielding the volume fraction of extracellular matrix (ECM) including fibrotic tissue.
TGF-β1 protein analysis
Concentrations of TGF-β1 were determined using a Human/Mouse TGF-β1 ELISA Ready-Set-Go kit (eBioscience, San Diego, CA, USA) according to the manufacturer's protocol (see Supporting Information for details). The samples were tested in triplicate. Human TGF-β1 standards were run in duplicate 2-fold dilutions ranging 
Histology and morphometry
For histology, samples were collected following euthanasia that was performed using an overdose of sodium pentobarbital administered intravenously at a dose of 40 mg/kg. Formalin-fixed heart sections were processed and embedded in paraffin according to routine histologic techniques. Sections, 5-μm thick, were stained with hematoxylin and eosin (H&E) and Masson's trichrome stain according to standard methods, and examined by light microscopy. 29 For each section, 10 randomly selected sites were photographed at 400x using an Olympus DP 26 digital microscope camera with CellSens digital imaging software mounted on an Olympus BX 43 microscope (Olympus Corporation). The amount of fibrosis in heart sections was determined by measuring the percentage area occupied by blue staining using Photoshop CS6 (Adobe Systems). The images were manually thresholded and the same threshold setting was used for all images.
The cardiomyocyte diameter was assessed by measuring the distance across the cell at its narrowest plane across the nucleus for 100 cells from each atrium and ventricle.
Statistical analysis
All data are presented as mean ± SEM.
ECG data analysis. Age-specific analyses comparing data between TGs and Wt controls were performed using a classical ANOVA model where assumptions were satisfied; a Bonferroni correction was applied across the age levels. A repeated measures model (with age and subject effects) was used specifically for P-wave duration data.
TGF β-1 gene expression. T test was used to compare Ct values between the TG and Wt control groups.
Echocardiography, TGF β-1 protein analysis, histology and morphometry. The nonparametric Wilcoxon rank-sum test was applied to the data and Bonferroni correction (across the variables/heart chambers tested) was used to adjust for multiple comparisons. Confocal data analysis. The measurements were averaged within each goat due to the technical nature of replication. Pairwise comparisons between age/group combinations were tested in an ANOVA model with Tukey's adjustment for multiple comparisons.
AF induction test. TGs and Wt control goats were assessed for AF susceptibility (+) or (-) response following AF induction tests. A Fisher's exact test was used to determine whether the response rate was the same for these 2 groups.
Results
Generation of TGF-β1cys 33 ser transgenic goats
Fourteen embryo transfers were initially performed and 5 recipient goats (36%) were confirmed to be pregnant. All pregnancies had normal gestation length (147-153 days) and resulted in birth of 7 female offspring (2 sets of twins and 3 singletons). PCR analysis revealed that 6 of the 7 goats produced by SCNT were transgenic for hTGF-β1, but only 4 (TG12, TG16, TG18 and TG20) contained both TGF-β1 and at least 1173bp of the αMHC promoter region ( Fig. 2A-C) . Cardiac and skeletal muscle biopsies were collected from each of the cloned goats at 12 ± 2 months of age to measure mRNA expression of hTGF-β1. Gene expression analysis revealed that TG12, TG16, TG18, and TG20 expressed hTGF-β1 mRNA in a cardiac specific manner. The other 3 cloned goats had undetectable levels of hTGF-β1 expression. Only 4 hTGF-β1 expressing goats were used for sequential studies. None of the TGs expressed hTGF-β1 in their skeletal muscle (not shown). TG12 had the highest level of hTFG-β1 mRNA expression among the group (Fig. 2D) . Different levels of hTGF-β1 gene expression are not surprising as random integration was used for production of these TGs.
To expand the number of TGs, skin biopsy samples were collected from the transgene expressing animals for fibroblast isolation and the cells were subsequently used for a second round of SCNT as depicted in Figure 1B . Four of 15 embryo recipients used in the recloning round (26.7%) became Table S1 . pregnant and delivered 4 transgenic females. Three of them were originated from TG12: TG12-1, TG12-2, and TG12-3 and 1 from TG18: TG18-1. All 4 of these animals derived by recloning expressed hTGF-β1 ranging from 0.14% to 1.27% of housekeeping genes (0.47% ± 0.53%). Thus, the total number of hTGF-β1 transgenic goats was increased to 8 animals, which were subsequently used for hTGF-β1cys 33 ser goat model characterization.
. P-wave duration in wild-type (Wt) and TGF-β1cys 33 ser transgenic goats (TGs) at 5 different ages. Number of animals in each group is indicated in parentheses. Additional sample size information is provided in
Prolonged P-wave durations observed in TGF-β1cys 33 ser transgenic goats
Heart rate, P-wave duration and QRS interval measurements were collected at 5 different time points for TGs and Wt controls. P-wave durations were significantly greater in TGs compared to Wt controls in all age groups except for the 6-month-old group (Fig. 3 ). There was a significant age effect on P-wave duration in the TGs, but not the Wt controls between 12 and 36 months. No significant differences were found between TG and Wt groups in either QRS intervals or heart rates, regardless of the age (Table S1 ).
Echocardiographic evaluation
Echocardiographic evaluation was performed on 8 TGs and 8 Wt female goats at 24 ± 4 months of age (Table 1) . After applying the Bonferroni correction, only 2 parameters were significantly different between the 2 groups: IVSs and IVSd, which suggest mild thickening of the interventricular septum.
AF induction study
Eight TGs and 6 Wt control goats were subjected to AF inducibility testing at 12 ± 2 months of age. The TGs and Wt animals weighed 30.6 ± 2.9 kg and 32.0 ± 1.5 kg, respectively. While 6 of 8 (75%) TGs were susceptible to AF induction and had occurrences of sustained AF, none of the 6 Wt controls exhibited sustained AF (P < 0.01). Four of the 6 AF inducible TGs had AF episodes lasting at least 10 minutes that required cardioversion. In contrast, Wt goats exhibited either a single extra beat to a few seconds of AF with the longest episode lasting only 12 seconds (Fig. 4) . The mean AF duration of induced AF episodes was significantly greater in TGs compared to controls (687 ± 212.0 seconds vs. 2.50 ± 0.88 seconds, respectively; P < 0.0001). The AF durations in TGs were underestimated, as AF episodes lasting more than 10 minutes were typically cardioverted. In one occurrence, TG12 was not cardioverted and remained in AF for over 16 hours followed by spontaneous AF termination.
. Example of AF induction test following rapid atrial pacing (RAP) in a Wt and a TGF-β1cys 33 ser TG. Shown are the bipolar atrial electrograms (EGM) and the surface electrocardiograms (ECG). The first few seconds of recording is sinus rhythm followed by RAP, which resulted in a few
Confocal microscopy
While the increase in the ECM volume fraction in RV biopsies was not statistically significant at 12 months, the difference between Wt controls and TGs was more pronounced (+30.3%) in a subset of the same animals at 18 months of age (21.94 ± 1.13% vs. 28.58 ± 2.83%, respectively; P < 0.05; Fig. S2 ). In contrast, the ECM volume fraction did not change in Wt controls between 12 and 18 months (21.18 ± 0.35 and 21.94 ± 1.13; P = 0.95). The findings suggest progressive structural remodeling of cardiac tissue over time in these TGs.
Histopathology and morphometry
Samples for histology, morphometry and TGF-β1 protein analysis were collected from 3 TGs (TG12-1, TG12-3, TG18) at 24 ± 4 months of age and compared to 4 corresponding Wt controls. One of the transgenic animals died spontaneously at 20 months of age and the other 2 were sacrificed for sample collection. Histopathology using Masson's trichrome stain demonstrated a significant increase in diffuse collagenous stroma in the atria of TGs (Fig. 5A,B ) compared to controls (11.01 ± 2.87% and 3.08 ± 0.77%; P < 0.01). A mild to severe increase in collagenous stroma was found in the endo and perimysium throughout the whole thickness of the atrial wall. No significant difference in fibrosis level was observed between LA and RA or LV and RV in the TGs. A mild multifocal increase in collagenous stroma was visually observed in the ventricles of TGs compared to controls (Fig. 5C,D) ; however, this difference was not significant (2.36 ± 0.95% and 0.49 ± 0.09%; P = 0.061). After multiple comparison correction, significance threshold was 0.05/2 = 0.025. In the ventricles, the increase in endo and perimysial collagenous stroma was marginal, with the most pronounced change towards the epicardial surface and the coronary groove.
Additionally, a significant increase in the cardiomyocyte diameter was detected in the atria (20.18 ± 1.10 μm vs. 15.72 ± 0.42 μm; P < 0.01, Figs. 5E,F), but not in the ventricles (22.55 ± 1.60 μm vs. 19.00 ± 0.96 μm, P = 0.11) of the TGs compared to controls. Even though no significant difference in fibrosis and myocyte diameter was observed in the ventricles between TG and Wt controls, there is a trend of increased levels of these parameters in the TG ventricles compared to Wt controls. Considering the limited statistical power of the study, this trend warrants further assessment.
TGF-B1 gene expression and protein analysis
Quantitative RT-PCR was conducted on atrial and ventricular samples collected from 5 Wt controls and 5 TGs. The analysis demonstrated that hTGF-β1cys 33 ser expression was similar in the TGs atria and ventricles (P = 0.82; FC = 0.76 in ventricles compared to atria). Transgene expression was not detected in the atria and the ventricles of Wt control goats.
Total TGF-β protein content was 2.75-fold greater in the atria and about 1.84-fold greater in the ventricles of the TGs compared to the corresponding Wt controls (180.16 ± 51.45 pg/mg vs. 65.56 ± 6.05 pg/mg; and 83.39 ± 12.69 pg/mg vs. 45.31 ± 4.28 pg/mg, respectively [P < 0.025]). Interestingly, approximately a 2-fold greater level of total TGF-β1 was observed in the atria versus ventricles in the TGs (Fig. S3) . Variability observed in the hTGF-β1 gene expression and protein level, and the amount of fibrosis among the TGs, are likely results of transgene random integration.
Discussion
This is the first study to generate a transgenic goat model with TGF-β1-induced atrial fibrosis leading to increased AF susceptibility. TGF-β1 is ubiquitously expressed at high levels in the heart during embryonic development and adult life in mammals. 30 TGF-β1 is a central mediator of atrial fibrosis in animal models 8, 9, 15 and human patients. 10,31 It is established that the level of TGF-β1 (both mRNA and protein) and fibrosis are elevated in the heart of human patients with AF (recent review by Dzeshka 32 ). Considering a key role of TGF-β1 in cardiac fibrosis and AF, we designed this goat model with overexpression of TGF-β1 to mimic elevated levels of TGF-β1 observed in human AF patients. Atrial fibrosis and increased AF inducibility in our TG model is similar to the previously reported TGF-β1 mouse model. 8, 15 However, large animal models of AF more closely resemble AF in humans 13 and allow for sustained induction of AF 33 as compared to rodent models where AF episodes are transient lasting for only a few seconds. 8 Interestingly, the most studied to-date tachypacing models of AF typically show no significant increase in fibrosis. 6, 16 Atrial fibrosis is observed in several large animal models with experimentally induced pathologies such as dog and sheep models of congestive heart failure, 9 dog model of chronic atrial dilation due to mitral regurgitation, 34 or sheep model of hypertension. 19 Comparative reviews of these animal models were previously reported. 13, 35 The uniqueness of our transgenic goat model is that progressive fibrosis is genetically induced and is the primary characteristic of the model. Therefore, the model can help with dissecting the relationship between atrial fibrosis and electrical remodeling in AF in human-size heart. This model provides opportunities for sequential data collections including intracardiac mapping and ablation treatments, which cannot be accomplished in the mouse model.
The association of fibrosis and AF is well established in both animal models of AF 8, 36 and human studies. 35, 37, 38 The degree of atrial fibrosis is related to the stage of AF with more fibrosis in persistent AF than paroxysmal AF. 37 Driven by the MHC promoter, both atrial and ventricular myocytes expressed similar levels of hTGF-β1 in this TG model. However, significant increase in fibrosis was only present in the atria (P < 0.01), which is similar to the previously developed mouse model. 15 We found an increased volume ratio of ECM in the ventricles, and quantitative increase in the level of ventricular fibrosis in TG compared to Wt controls (2.36 ± 0.95% vs. 0.49 ± 0.09%); however, this difference was not significant (P = 0.061). The trend of potential increase in ventricular fibrosis and how it affects cardiac function in these TGs will need to be further evaluated. The molecular mechanism of selective atrial fibrosis has been recently examined in the mouse model of TGF-β1 overexpression. 10 In the mouse model, the transcription factor AP-1 is selectively modulated by TGF-β1 in atria as evident by upregulation of AP-1 controlled genes in the atria, but not in the ventricles. Eighty genes (many of which are mediators of fibrosis) are differentially expressed in the atria and only 2 genes in the ventricles in the TGF-β1 mouse model. 10 Additionally, Smad2 phosphorylation was significantly increased in the transgenic atria, but not in the ventricles indicating that atrial susceptibility to TGF-β1-induced fibrosis is due to modulators of TGF-β1 receptor binding or modifiers of receptor kinase activity. 10 Further molecular characterization will be required to confirm if atrial fibrosis in the TG model has a similar molecular basis as in the mouse model. Enhanced reactivity of atrial fibroblasts compared to their ventricular counterparts could be an additional contributing factor to increased atrial fibrotic remodeling. 39 In our TG study, the increase in fibrotic content in the atrium was averaging 11%, which is in the range of fibrosis seen in patients with paroxysmal AF. 37 This TG model had significantly greater susceptibility to AF than the Wt controls. The length of AF episodes in the Wt controls averaged 2.5 seconds, which is similar to those previously reported in goats (5 seconds), 33 dogs (7 seconds), 9 and sheep (2 seconds). 19 Both frequency and length of AF episodes were significantly greater in TGs compared to the Wt controls. The length of the AF episodes in TGs is likely to be markedly underestimated as cardioversion was typically used if AF episodes persisted longer than 10 minutes. When one of our TGs (TG12) was allowed to stay in AF following a brief 30 second RAP induction, the animal remained in a sustained AF for over 16 hours. In the classic "AF begets AF" goat study, 33 even after 24 hours of continuous rapid pacing the AF episode length only averaged 20 seconds. This suggests that fibrosis played a significant role in sustaining AF in our TG model and could be an important predictor of AF vulnerability in human patients. The lack of persistent or permanent AF indicates that although these TGs have a permissive substrate for prolonging AF episode duration, additional electrical remodeling is required for AF initiation and continuous maintenance.
The P-wave durations increased progressively between 12 and 36 months of age in TGs, while this parameter did not change in the control group. P-wave prolongation is commonly viewed as a marker of altered atrial conduction and an intermediate step that ultimately leads to AF. 40 Reports for various cardiac conditions have shown that the risk of AF is associated with prolongation of the P-wave. 40, 41 As these animals aged, the extent of structural remodeling increased as evidenced by the progressive increase in the P-wave duration.
Human and animal studies suggest that atrial remodeling increases complexity of the electrical activity in AF and leads to uncoupling of layers or muscle bundles in the atrial wall. 42, 43 This TG model with increased levels of fibrosis in the atrial wall provides a platform to study this in greater detail. The lack of significant chamber enlargement in our model supports the hypothesis that fibrosis is the primary predisposing factor for occurrence of sustained AF. The approach of targeting fibrotic regions or impacting fibrotic deposition for managing AF may lead to improved treatment outcomes, as the standard practice of performing an anatomically guided ablation isolating the pulmonary veins has not been very successful in managing persistent AF. 44 Finding new targets for ablation is a subject of intense research and different approaches have been tested such as targeting areas of complex fractionated atrial electrograms (CFAEs), creating lesions beyond the pulmonary vein isolation 45 or targeting drivers of AF such as rotors. These investigations are ongoing, but there is only a weak mechanistic basis for targeting these additional areas. Recent studies indicated that identifying stable rotors that drive AF and targeting them improves clinical outcomes. 46 It is plausible that areas of fibrosis anchor these rotors. Thus, a large animal model with fibrosis provides a critical foundation for exploration of the mechanistic basis for AF, as well as testing of novel target areas for ablation.
Conclusion
Marked atrial fibrosis, P-wave prolongation and a significant increase in AF susceptibility (following a brief electrical induction) are the primary hallmarks of this TGF-β1 transgenic goat model. In humans, the prevalence of AF increases with age due to atrial substrate remodeling developing slowly over many decades of life. This TG for the first time provides a large animal model where progressive accumulation of fibrosis creates the basis for developing AF. Serial electrophysiological studies done over time with fibrosis progression in this model can lead to further mechanistic understanding of AF. We suggest that these studies will open new clinically relevant mechanism-based targets for the prevention and treatment of AF.
Supporting Information
Additional supporting information may be found in the online version of this article at the publisher's website: Figure S1 . Outline of the somatic cell nuclear transfer (SCNT) procedure used for generation of MHC-TGFβ1cys 33 ser transgenic goats. A matured oocyte was enucleated (1) and a donor cell (MHC-TGF-β1 fibroblast) was transferred under the zona pellucida of the enucleated oocyte (2) . The somatic cell and the oocyte are then fused and the newly reconstructed embryo was activated to initiate development (3). After short in vitro culture SCNT embryos were transferred into estrus synchronized recipients (4) and transgenic cloned goats were born after a 5-month gestation period (5) . B. Expansion of TGF-β1 transgenic lines by a second round of cloning. TGF-β1 gene expression analysis of cardiac biopsies was conducted to identify transgenic animals with cardiac specific TGF-β1 expression (6) . A skin biopsy was obtained from these transgenic goats for fibroblast isolation. The fibroblasts were used for a second round of SCNT for transgenic line expansion (7) . Figure S2 . Confocal microscopy of right ventricular (RV) septal tissue. (A) Representative confocal images of RV biopsy from a Wt control; and (B) a TGF-β1cys 33 ser TG at 18 months of age. The ECM was labeled with wheat germ agglutinin. Shown are optical sections through representative 3D image stacks: (XY) confocal plane, (YZ) longitudinal, and (XZ) transverse cross sections. The scale bar (50 μm) applies to all images. (C) ECM volume fractions in RV biopsies collected from Wt and TGs at 12 (n = 2; n = 4) and 18-months-old (n = 2; n = 2), respectively. In total, 47 stacks were analyzed: 11 and 15 for Wt and TG RV biopsy samples at 12 months, and 9 and 12 at 18 months, respectively.
Significant increase in the ECM fraction was observed in TGs RV tissue at 18 months (P < 0.05). ECM = extracellular matrix; TG = transgenic goat; Wt = wild-type. Figure S3 . Concentrations of TGF-β1 protein in the atria and ventricles of Wt and TGs. The concentration of TGF-β1 was calculated in picograms per milligram of total protein. TG = transgenic goats; Wt = wild-type. Table S1 . ECG Measurements (Mean ± SEM) in MHCTGFcys33ser Transgenic and Control Goats.
